Abstract. Molecular evolutionary analysis of the glyceraldehyde 3-phosphate dehydrogenase (GapC) gene family was conducted in the plant genus Amsinckia (Boraginaceae), a group that exhibits marked variation in the mating system. GapC genes in this group differ from those of Arabidopsis thaliana in terms of both intron size and number. Phylogenetic and Southern hybridization analyses suggest the presence of multiple GapC loci, each defined by a set of base substitutions that are in strong linkage disequilibrium. One species of Amsinckia, A. spectabilis, was studied in some detail. This species consists of selfing (A. s. spectabilis) and outcrossing (A. s. microcarpa) varieties. Two selfing populations and one outcrossing population sample were analyzed in detail for variation at one of the members of this gene family, GapC3. A reduction in number of GapC3 haplotypes and level of genetic diversity was observed in the selfing populations of A. spectabilis. GapC3 in the outcrossing population (but not the two selfing populations) exhibited a significant departure from neutrality in the direction of an excess of singletons. These results are discussed in the context of forces acting on sequence evolution in populations with different mating systems.
Introduction
Glyceraldehyde 3-phosphate dehydrogenase (GAP-DH) is involved in two metabolic pathways in plants: the Calvin cycle in chloroplasts and glycolysis in the cytosol. In glycolysis, GAPDH catalyzes the oxidative phosphorylation of glyceraldehyde 3-phosphate into 1,3-bisphosphoglycerate (Harris and Waters 1976) . The homotetrameric (C 4 ) cytosolic protein (EC 1.2.1.12) has a coenzyme (NAD + ) binding domain, an S loop thought to confer thermostability to the protein (Walker et al. 1980) , and a catalytic domain (Fothergill-Gillmore and Michels 1993). Cytosolic GAPDH is encoded by the nuclear gene GapC, which exists as a gene family in maize (Manjunath and Sachs 1997) , Leavenworthia (Charlesworth, unpublished data) , and Arabidopsis thaliana (TIGR Arabidopsis thaliana database at http://www.tigr.org/ tdb/e2k1/ath1/).
Information contained in DNA sequences such as GapC provides insight into the forces that shape nucleotide polymorphism. Levels of genetic diversity may result from the action of several factors, including population history, mating system, and direct selection, as well as selection at linked sites. Population history can exert strong effects on levels of DNA polymorphism-for instance, recent extinction and colonizing events (Ingvarsson 2002 ) and unequal contribution of migrants between demes in subdivided populations (Nagylaki 1982 (Nagylaki , 2000 Whitlock and Barton 1997) may also reduce effective population size and thereby lead to loss of population genetic variation at neutral loci. The mating system may also contribute to levels of population genetic diversity. Classical population genetic theory predicts that effective population size (N e ) is proportional to 1/(1 + F), where F is the equilibrium inbreeding coefficient. A reduction in N e due to inbreeding should, therefore, lead to a reduction in genetic diversity (Pollack 1987) . In the extreme case, within-population diversity should be reduced by one-half in completely selfing versus completely outcrossing populations at mutation-drift equilibrium. Plant allozyme variation studies show that selfing is generally associated with a reduction in genetic variation (Hamrick and Godt 1990; Schoen and Brown 1991) . Apart from this direct effect, selection at linked sites may also have an influence on levels of diversity at neutral loci in selfing populations. With inbreeding that arises from selfing, the effective recombination rate is reduced by the factor 1 ) F (Nordborg 2000) . This has implications for the physical length of sequence affected by selection at linked sites-i.e., the selective removal of linked deleterious mutations (termed background selection) or selection of linked mutations with beneficial effects (hitchhiking) (Charlesworth et al. 1993; Maynard Smith and Haigh 1974) . Thus, in selfing populations it is possible that there will be a greater reduction in genetic diversity than that expected simply from the mating system effect on N e (Charlesworth et al. 1993) . Simulations have shown that populations with high selfing rates, given the genetic conditions associated with background selection, undergo reductions in diversity of as much as 80% compared to what is expected under outcrossing (Charlesworth et al. 1993) . As well, low levels of population genetic diversity have been observed in genomic regions experiencing low recombination rates (i.e., in Drosophila [Begun and Aquadro 1992] ), such as centromeric regions. Comparisons of gene diversity between related selfing and outcrossing taxa have sometimes shown such a contrast (Liu et al. , 1999 Baudry et al. 2001; Miyashita 2001; Graustein et al. 2002; Chiang et al. 2003) . Apart from its expected effect on diversity, background selection in selfing populations is expected to interfere with the efficacy of selection (Hill and Robertson 1966; McVean and Charlesworth 2000) , and so both codon bias and selection acting directly on the locus in question may be more difficult to detect than in outcrossing populations.
The principal aim of this study was to survey GapC sequence diversity in closely related varieties of the genus Amsinckia that differ in mating system. Morphological and molecular phylogenetic genetic evidence suggest that this group has undergone several independent evolutionary shifts in the mating system, leading to the existence of closely related outcrossing and selfing populations (Ray and Chisaki 1957a, b; Schoen et al. 1997) . We first present data in support of the hypothesis that GapC exists as a small gene family in the species Amsinckia spectabilis and then exploit sequence information from several populations to investigate the impact of mating system variation on rates and patterns of sequence evolution.
Materials and Methods

Plant Materials
Amsinckia spectabilis occurs as two separate named varieties that differ in their floral biology (Ray and Chisaki 1957a; Ganders et al. 1985) and selfing rate. A. spectabilis var. spectabilis has small, homostylous flowers, while A. spectabilis var. microcarpa has larger, heterostylous flowers. The differences in floral structure observed between these varieties are associated with large differences in the outcrossing rate Schoen 1995, 1996) (Table 1) . Plants belonging to the two varieties were grown from seed collected in natural populations in California Schoen 1995, 1996) (Table 1) . Congeners of A. spectabilis (A. vernicosa and A. intermedia) used in this study were chosen based on a partial molecular phylogeny of the genus, and were each represented by single plants grown from seed collected in natural populations (Schoen et al. 1997) . DNA was extracted from fresh young leaves using the DNeasy Plant Mini Kit (Qiagen) or Nucleon PhytoPure Genomic DNA Extraction Kit (AmershamPharmacia).
Molecular Methods
The primer AsGapC-II (5¢ TCGGTAGACACTACATCATCT 3¢) was designed based on an Amsinckia spectabilis sequence generated using the universal primers GPDX7F and GPDX9R, designed by Strand et al. (1997) for partial amplification of the glyceraldehyde 3-phosphate dehydrogenase gene. Primer AsGapC-I (5¢ AG-GCTGCTGCTCACTTGAAG 3¢) was designed based on a tomato, tobacco, and petunia GapC consensus sequence (GenBank accession numbers U97257, AJ133422, and X60346, respectively). The primer pair AsGapC-I and AsGapC-II yielded four PCR products of different lengths (0.5, 0.7, 1.0, and 1.3 kb) per PCR reaction. Bands 1.0 kb in length were gel-extracted (QIAEX II Gel Extraction Kit; Qiagen), sequenced, and used to design two additional primers (both Amsinckia spectabilis-specific): AsGapC-III (5¢ GCTGCTCACTTGAAGGTCTG 3¢) and AsGapC-IV (5¢ CTTGAGCTTGCCTTCTGATTC 3¢). The latter pair of primers amplify a single, sharp, 950-base pair (bp) region of the GapC gene in Amsinckia. Finally, a fourth forward primer, AsGapC-V (5¢ GGGTTTGATTGGAATCTCAAAC 3¢), was designed and used in seminested PCR reactions (in combination with primer AsGapC-IV) to target a specific putative locus in the GapC multigene family, which we refer to below as GapC3. This locus was the one selected for analysis of diversity in selfing and outcrossing populations.
The standard 25-ll PCR reaction consisted of 1· PCR buffer (Qiagen), a 20 mM concentration of each dNTP (AmershamPharmacia), 10 lM concentration of each primer (BioCorp Canada), 2.5 lg of purified BSA (New England Biolabs), and 1 unit of HotStar Taq polymerase (Qiagen). The PCR reaction was conducted in the presence of a negative control on a GeneAmp PCR System 9700 (Perkin Elmer Applied Biosystems) under the following conditions: 15 min at 95°C; 28 to 30 cycles of 60 s at 95°C, 60 s at the appropriate annealing temperature (48-50°C), and 60 s at 72°C; and a final extension step of 7 min at 72°C.
Reactions containing products of 950 bp were cloned using the Original Cloning and TOPO Cloning kits (Invitrogen) as directed by the manufacturer. Subcloning, microbial cultures and plasmid isolation were performed following Sambrook et al. (1989) . Clones were screened for the presence of inserts by EcoRI digestion followed by gel visualization. Positive clones were purified for sequencing using a QIA Prep Spin Plasmid Miniprep Kit (Qiagen). Sequencing was done according to the manufacturer's recommendations on a Li-Cor LONG READIR 4200 automated sequencer using a SequiTherm EXCEL II kit (Epicentre) with M13 forward and reverse primers. Sequencing of both strands was performed to ensure accuracy in base calling. Discrepancies between strands were resolved through sequence chromatograph analysis using the program Trev viewer of the Staden Package version 1.5 (Medical Research Council, Laboratory of Molecular Biology, Cambridge, UK) or marked as missing data. Strands were assembled using BioEdit version 5.0.6 (Hall 1999) . Identities of the cloned and sequenced products were confirmed by BLAST (Altschul et al. 1997 ) against the GenBank database.
For GapC3, several (up to five) separate cloned products per individual were sequenced in order to minimize the possibility that variation in the final data set arose from cloning and sequencing artifacts. These verified sequences were used in all genetic analyses described below. In cases where the sequences differed from one another, the consensus sequence was chosen for analysis. These GapC sequences were deposited in the GenBank sequence database (Table 1) . GapC sequences from Amsinckia intermedia and Amsinckia vernicosa were deposited in GenBank under accession numbers AY374097 and AY374098, respectively.
Southern hybridizations were performed to obtain a minimum estimate of the number of GapC loci in the Amsinckia spectabilis genome. The probe was prepared using a DIG PCR labeling kit (Roche Biochemicals) with a 3:1 dUTP:dNTP ratio, primers AsGapC-III and AsGapC-IV, and a plasmid clone with a sequenced insert corresponding to individual 1027 (population 91005) as the template. Labeling efficiency was verified on agarose as suggested by the manufacturer. Genomic DNA chosen from a single individual (whenever possible) in each population was digested overnight in the presence of 2.5% spermidine (Amersham-Pharmacia) with (1) HhaI, (2) HindIII, and XhoI, and (3) NotI and NcoI. The products were run for 900 V-h on a 0.5X TBE-1% agarose gel free of ethidium bromide. High-salt upward capillary transfer onto a positively charged nylon membrane (Roche Biochemicals) was done overnight. The transferred DNA was fixed by exposure to UV illumination on a standard transilluminator for 155 s. The labeled probe was incorporated into 10 ml of Dig Easy Hyb (Roche Biochemicals), and the hybridization reaction was carried out for 18 h at 42°C. Both low-and high-stringency washes were conducted as recommended by the manufacturer. Chemiluminescent detection was done using the ready-to-use CSPD substrate according to the manufacturer's recommendations.
Sequence Analysis
Assembled sequences were initially aligned using ClustalX, version 1.8 (Thompson et al. 1997) . Fine adjustments were made afterward by eye using GeneDoc (Nicholas and Nicholas 1997). A BLAST search (Altschul et al. 1997 ) was conducted on November 21, 2000, to identify organisms and genes with high nucleotide similarity to our sequenced product. A Conserved Domain search (CD search) using the program Reversed Position Specific BLAST search (RPS-BLAST 2.2.1) was performed on August 1, 2001, to identify probable functional or structural domains within the translated Amsinckia nucleotide sequence and intron/exon boundaries.
Sequences corresponding to a 3 0 portion of exon 5, exons 6, 7, and 8, and a 5 0 portion of exon 9, along with the introns in these regions, were included in the analysis of gene family diversity. These were arranged by locus and aligned using ClustalX (Thompson et al. 1997) . Alignment artifacts were edited by eye using the program GeneDoc (Nicholas and Nicholas 1997). In analyzing these sequence data, neighbor-joining (NJ) analysis was used following the method of Saitou and Nei (1987) , as implemented in ClustalX (Thompson et al. 1997 ) and using maximum parsimony as implemented in PAUP 4.0 beta version (Swofford 1998). NJ trees were visualized with TreeView (Win32) 1.6.5 (Page 1996) . The strength of linkage among selected phylogenetically informative sites was investigated using DNAsp 3.52 (Rozas and Rozas 1999) .
Population level analyses of one member of the gene family, GapC3, were done with a 797-bp portion of the gene (see Results) . Genetic diversity at the GapC3 locus was quantified by estimating h W (Watterson 1975) and p (Nei 1987) , using Proseq v.2.9 beta (Filatov 2002) separately at all sites, as well as at noncoding, synonymous, silent (synonymous plus noncoding), and replacement sites. Haplotype trees of GapC3 were constructed using the method of statistical parsimony, as implemented in TCS version 1.13 (Templeton et al. 1992; Clement et al. 2000) . Johnston and Schoen (1996) .
b Schoen et al. (1997) . 
Results
Structure of the GapC Locus in Amsinckia spectabilis
When the Arabidopsis thaliana GapC gene (GenBank accession number M64119) and a consensus of all Amsinckia spectabilis sequences from this study are manually aligned with GeneDoc (Nicholas and Nicholas 1997), several differences are evident. Most notable is the apparent loss of introns 6 and 7 in Amsinckia spectabilis (Fig. 1 ). In addition, the portion of the sequence corresponding to intron 5 in Amsinckia spectabilis is roughly twice as long, while intron 8 is of comparable length in both species (Fig. 1) . The coding regions, which represent approximately one-half of the Amsinckia spectabilis sequence amplified in this study, show a high degree of conservation (91% at the amino acid level) to the published GapC sequences of species belonging to the order Solanales (the Solanales is a closely allied order to the Boraginales). The GapC loci of Amsinckia intermedia and A. vernicosa sequences correspond to those of Amsinckia spectabilis in terms of intron/exon structure of the fragment recovered for this study. Identity of amplicons generated by both the universal and the Amsinckia-specific primers was confirmed to be a fragment of the cytosolic GAPDH gene in BLAST searches (Altschul et al. 1997 ) against the GenBank nucleotide database. According to a RPS-BLAST search for conserved domains (Altschul et al. 1997) , nucleotides 373 to 490 of the A. spectabilis sequence correspond to the NAD + binding domain of the GAPDH protein, while those between position 491 and position 820 correspond to the catalytic terminal domain. Sequence length is conserved in all A. spectabilis sequences except for an 18-bp deletion between base 318 and base 334 of the consensus A. spectabilis GapC sequence. This indel is seen in only a small number of individuals from two populations (population 91004 and 88028). Other indels usually occur as singletons and do not exceed 2 bp.
Evidence Supporting a GapC Gene Family in Amsinckia
Results from the NJ phylogenetic analysis indicate that the recovered sequences fall into three distinct major groups (Fig. 2) . Trees obtained using the maximum parsimony optimality criterion show the same general topology as depicted in Fig. 2 (result not  shown) . Each group is defined by a set of correlated base substitutions and one insertion-deletion event ( Table 2 ). Most of the substitutions that distinguish these groups fall within the noncoding region. Of the three substitutions located within the coding region (at positions 555, 567, and 636), none cause replacement changes in the amino acid sequence.
The minimum number of recombination events, Rm (Hudson and Kaplan 1985) , was calculated to assess linkage among putative loci-defining sites (Table 2) . Results from this analysis indicate that Rm = 0, suggesting that there is little (if any) recombination between the three loci recovered.
The expectation of near-complete homozygosity in highly inbred populations such as Amsinckia spectabilis var. spectabilis provides an additional approach for inferring the number of GapC loci amplified by PCR cloning. Because only one sequence per locus is expected to be detected from an individual in this case, the number of unique sequences per individual should correspond to a minimum estimate of the number of putative loci. Individuals for which multiple GapC sequences were available (i.e., through sequencing multiple clones per PCR reaction using primers AsGapC-III and AsGapC-IV) were examined and placed on the NJ tree (Fig. 2) . Three distinct and distantly related haplotypes corresponding to the GapC1, GapC2, and GapC3 groups were observed in two selfing individuals (242 and G) from population 88028 (Fig. 2) .
Representative results from Southern hybridizations between a digoxygenin-labeled GapC fragment and Amsinckia spectabilis genomic DNA are shown in Fig. 3 . Two distinct bands are seen when digestions by XhoI + HindIII (lane 1) or by NotI + NcoI (lane 2) are performed, suggesting the presence of at least two GapC loci in Amsinckia spectabilis.
Based on the totality of the evidence (from the Southern hybridization analysis, phylogenetic analysis, and analysis of linkage between locus-specific substitutions and of sequences within individuals), the separate groups of sequences in Fig. 2 were assigned the status of putative loci and are hereafter referred to as GapC1 through GapC3 as noted in this figure. Fig. 2 . Neighbor-joining phylogeny of sequences recovered for this study. Unless otherwise noted, all sequences are from Amsinckia spectabilis. Sequence names are coded as follows: species abbreviation (s for spectabilis) and population number-individual number-clone number (when applicable). Sequences corresponding to A. intermedia and A. vernicosa are labeled in full. The two individuals for whom haplotypes corresponding to the GapC1, GapC2, and GapC3 groups were recovered are marked by a black circle (28-242) or a black rectangle (28-G).
Sequence Analysis of GapC3
The portion of the GapC3 locus available for analysis corresponds to all of exons 6, 7, and 8, plus portions of the flanking introns (Figs. 1 and 4) . As shown in Fig. 4 , polymorphisms were mainly located in the intron regions. In the outcrossing population (population 91004) Tajima's D and Fu and Li's D and F statistics were all significantly negative in the intron regions, indicating an excess of low-frequency mutations in comparison to that expected under neutrality (Table 3 ). In the inbreeding populations (populations 91010 and 91011), none of the estimates departed from neutrality (Table 3) .
Comparison of the levels of diversity at GapC3 reveals a reduction in polymorphism at silent and noncoding sites in the inbreeding variety spectabilis (Fig. 4) . Estimates of h in spectabilis range from 22 to 40% of the values obtained for the outbreeding variety microcarpa, depending on the type of site examined (Figs. 4A and B) . Similarly, values of p in spectabilis ranged from 14 to 31% of those computed for microcarpa, also depending on the type of site examined (Fig. 4) . At the population level, a reduction (up to ca. 90% less diversity at noncoding sites) in spectabilis (populations 91010 and 91011) relative to microcarpa (population 91004) is also apparent (Figs. 4D-F) . Both estimators of genetic diversity point to a similar pattern of polymorphism, higher at synonymous and noncoding sites than at other sites in the inbreeding populations examined. In addition, both inbreeding populations show similar reduced levels of polymorphism.
From the genealogical analysis of the GapC3 haplotypes (Fig. 5) , it is clear that haplotype diversity in the outcrossing population (population 91004) is substantially greater than in the two selfing populations (populations 91010 and 91011) and, moreover, that selfing populations share many haplotypes which are discrete from those in the outcrosser by at least one nucleotide difference. One set of haplotypes found in the two selfing populations (shown in the large oval in Fig. 5 ) are one or two mutational steps removed from most of those found in the outcrosser. No haplotype is found in both the selfing and the outcrossing populations.
Discussion
GapC Gene Structure in Amsinckia All three putative GapC loci in Amsinckia spectabilis have lost two introns compared to Arabidopsis thali- ana (GenBank accession number M64119), Manihot esculenta (GenBank accession number AF136149), and Zea mays (GenBank accession number X15596). A molecular phylogeny of the genus (Schoen et al. 1997) , combined with sequences obtained from two congeneric species (A. vernicosa and A. intermedia), suggests that the loss of introns 6 and 7 occurred in an ancestor of the genus. Since all of the corresponding GapC DNA sequences recovered from GenBank (i.e., maize, X15596; cassava, AF136149; Arabidopsis, M64119) share introns 6 and 7, the intron loss in Amsinckia is likely a relatively recent occurrence. Although not uncommon in plants, the loss of introns is surprising for glyceraldehyde 3-phosphate dehydrogenase considering that it is a slowly evolving enzyme (Fothergill-Gillmore and Michels 1993) and that there is strong conservation of gene structure at this locus throughout the plant and animal kingdoms (Shih et al. 1988 ).
Evidence for Duplication of GapC in Amsinckia spectabilis
Numerous studies suggest that multigene families are a common occurrence in angiosperms (e.g., Vieira and Charlesworth 2001a, b; Morton et al. 1996; Gaut et al. 1999; Small and Wendell 2000; Charlesworth et al. 1998; Thomas et al. 1993; Gottlieb and Ford 1996; Durbin et al. 2000) . Several lines of evidence from the present study, including phylogenetic and linkage analyses of the GapC sequences, the observation of several distinct GapC sequences within single individuals from inbreeding populations, and the detection of multiple bands in Southern hybridizations, suggest that GapC occurs as a gene family of at least three very similar members in the Amsinckia spectabilis genome. We attempted to determine orthology among the GapC loci prior to performing other molecular evo- lutionary analyses by comparing the phylogenetic placement of GapC sequences from related Amsinckia species, A. vernicosa and A. intermedia. Phylogenetic analysis of these and the spectabilis sequences agree with the chloroplast DNA phylogeny of the genus obtained by Schoen et al. (1997) . Unfortunately, neither the vernicosa nor the intermedia sequences were useful in determining orthology: the vernicosa sequences formed a group distinct from all others, while the intermedia sequences grouped only with GapC3.
The phylogenetic placement of the outgroup sequences is useful for suggesting a relative time frame for the GapC gene family duplication events in the spectabilis species. The spectabilis GapC genes are likely to have been duplicated following the divergence of intermedia from the lineage that led to spectabilis. Thorough sequencing of GapC from these species and other relatives of Amsinckia is needed to clarify this hypothesis, as the recovery of a single type of fragment in intermedia could have occurred by chance during PCR cloning.
Pattern of Nucleotide Polymorphism at GapC3
Population level tests of neutrality suggest that purifying selection has acted at this locus in the one outcrossing population of A. s. microcarpa studied here, but not in the two populations of the selfing variety, A. s. spectabilis. That the tests are significant only in the noncoding regions is likely a reflection of the very low levels of polymorphism in exons 6, 7, and 8. While reduced effective population size associated with inbreeding, bottlenecks that occur during colonization, and background selection are all more likely to occur in selfing as opposed to outcrossing taxa, and thereby render the detection of purifying selection more difficult (Schoen and Brown 1991; Charlesworth et al. 1993; Hill and Robertson 1966) , these statistics do not discriminate among the effects of background selection, selective sweeps, and other factors such as population history. Values for other, unlinked loci would be useful to rule out or confirm population dynamics as an important force in determining levels of polymorphism in this system. The diversity at GapC3 in the inbreeding variety of A. spectabilis was less than that observed in the outbreeding variety. While nucleotide diversity within varieties may sometimes be due to between-population variation in haplotype composition (Charlesworth and Pannell 2001) , this is not the case with regard to the low level of diversity in the selfing variety, where the different populations often share the same haplotypes (Fig. 5) . Levels of polymorphism were found to be of the same order of magnitude as that observed in Leavenworthia at the phosphoglucose isomerase locus (Liu et al. 1999 ) and in several species of Lycopersicon examined by Baudry et al. (2001) for both selfing and outcrossing population comparisons. The nucleotide polymorphism results suggest a reduction in diversity of between 38% (at synonymous sites) and 90% (at noncoding sites) in selfing versus outcrossing populations of Amsinckia spectabilis. Thus reductions in diversity in selfing versus outcrossing populations were beyond that expected from the effect of the selfing rate alone at GapC3. These findings are consistent with predictions of the background selection hypothesis, but selective sweeps (Maynard Smith and Haigh 1974) , consequences of metapopulation dynamics (Ingvarsson 2002) , and past population bottlenecks cannot be completely ruled out.
Taken as a whole, the results from the present study provide partial support for the background selection hypothesis, as in the case of the study conducted by Wright et al. (2002) , who found that neither codon usage nor evolutionary rates differed significantly in the selfer Arabidopsis thaliana relative to the outcrosser Arabidopsis lyrata. Our results, however, are not completely consistent with the predictions of this hypothesis. Several explanations, as suggested by Wright et al. (2002) , may also apply to the results obtained here. Among them are the presence of only a small load of slightly deleterious mutations (i.e., a low deleterious mutation rate), the possibility that the inbreeding populations are only recently derived from the outbreeding one(s), low statistical power for detecting differences in selection, and recent changes in population sizes (i.e., a reduction in the outcrossing populations or an increase in the inbreeding populations). Alternatively, demographic events specific to the inbreeding lifestyle, such as the founding of populations from a single individual, may have played a role in shaping polymorphism in the selfing populations.
